Abstract In treating textile wastewater, the application of membrane bioreactor (MBR) technology showed high efficiency in COD and BOD 5 removal. However, insufficient colour removal was achieved for possible reuse. The aim of the work presented in this paper was to test the performance of chemical advanced oxidation on the elimination of the colour downstream of an MBR. To improve the quality of the membrane bioreactor effluent three different oxidation treatments were tested at lab-scale: ozonation, chlorination and hydrogen peroxide oxidation. Colour, COD and BOD 5 were controlled in order to assess the effectiveness of each process. For chlorination, even with 250 mg/L (active chlorine) only 80% colour removal (SAC in = 14; SAC out = 2.8) was achieved which is considered unsatisfactory. For hydrogen peroxide, the colour removal was even poorer; it was just 10% at a concentration of 250 mg/L. In contrast, good results were obtained by ozonation. By using only 38 mg/L within 20 minutes, it was possible to achieve the reuse recommendation with a satisfactory colour removal of 93% (SAC in = 14; SAC out = 0.98). The results showed that ozonation was the most promising method.
Introduction
In the north of Africa the shortage of water represents a severe problem. For sustainable development, water management in this area is directed toward economisation and rationalisation of the use of water resources. Textile industries accentuate this problem by their high water consumption and the huge amount of discharged pollutants. To illustrate, in Tunisia in 1998 about 2,150 companies were operating in the textile sector discharging approximately 130 Mio. m 3 /a of wastewater. A serious intervention is needed to deal with textile wastewater. Important strategies are the internal recycling of water in the textile process and the improvement of existing conventional treatment systems for wastewater reuse.
The objective of the current investigation was the utilization of advanced water treatment technology in order to achieve the standards recommended for reuse in textile processes. The most important criteria that have to be met by the treated water are: COD < 160 mg/L, BOD 5 < 25 mg/L, TSS < 10 mg/L and a spectral absorption coefficient (SAC) at 426 nm < 1.0, as reported by Rozzi et al. (1999) and Li et al. (1999) . A much higher COD is also acceptable for certain reuse options as long as it is not biodegradable and the BOD 5 is at a very low level (Cotitex, 2001) .
As a first priority these advanced technologies should include a biological treatment step. Within the frame of the EC project "MBR-recycling", the achievement potential of a MBR system was investigated. As a result the MBR treatment achieved a good effluent quality regarding BOD 5 and TSS content which complies with the recommendation for wastewater reuse in the textile mills. However, insufficient colour removal made the effluent unacceptable for eventual reuse. For that reason, three different oxidative methods (chlorination, ozonation and H 2 O 2 oxidation) were tested as post-treatments in order to reduce colour, as suggested by Churchley (1994) . Raw wastewater was collected from a textile mill located in Lower Austria. The production line of the company includes manufacturing and dyeing of knitted polyester fabrics for the automotive industry such as side panels and seat covers. After treatment in a laboratory MBR, the effluent was collected for further oxidation experiments. The wastewater composition at the inlet and outlet of the MBR is presented in Table 1 . For this specific investigation effluent with a high colour content was selected.
Ozonation
Oxygen of technical quality was used as a feed to the ozone generator device (Fisher Ozone generator 500). The ozone concentration was set to 20 gO 3 /m 3 at a flow rate of 15 L/h. The ozone/oxygen mixture was bubbled through a reaction vessel of 2 litres capacity. Excess ozone was destroyed by KI absorption. Ozone was measured before and after the reactor to calculate actual ozone consumption in mg/L reactor content. After a reaction time of 10, 20 and 30 minutes samples were taken. The colour intensity was measured with a spectrometer at the three different wavelengths, 436, 525 and 620 nm.
Chlorination and hydrogen peroxide oxidation
Oxidation with chlorine and H 2 O 2 were carried out using a standard jar test apparatus. The oxidation experiments were conducted in 800 ml beakers. The following concentrations of the oxidant were used: 10, 130 and 250 mg/L. Different stirring speeds of 40, 120 and 200 rpm were also applied. Samples were mixed for 1 hour. Every 10 minutes the colour of the sample was determined in the same manner as described above. Table 2 shows the characteristics of the stock solutions used for chlorination and hydrogen peroxide oxidation.
Results and discussion

Colour removal
The highest spectral absorption coefficient of the effluent was measured at a wavelength of 436 nm. For that reason further results concerning colour removal refer to the SAC at 436 nm. Percentage reduction of the SAC at the two other wavelengths (525, 620 nm) was comparable to the results achieved at 436 nm. Figure 1 shows the colour removal observed with chlorination. At the highest concentration of 250 mg/L active chlorine and a contact time of 60 minutes 80% colour removal (SAC in = 14; SAC out = 2.8 > 1) was achieved. The final value of SAC 436 , 2.8, is still higher than the target value, which is supposed to be below 1. Oxidation with hydrogen peroxide was even less effective. At conditions similar to those above with a concentration of 250 mg/L H 2 O 2 the removal efficiency was 10% at best. In all cases the stirring speed did not significantly affect the result. In contrast to these observations, highly promising results were obtained with ozonation. By using only 38 mg/L within 20 minutes, it was possible to achieve the reuse recommendation with a satisfactory colour removal of 93% (SAC in = 14; SAC out = 0.98 < 1) (Figure 2) .
A similar result was obtained by Ciardelli and Ranieri (1998) with biological pre-treated textile wastewater using 40 mg/L of ozone. The observed effect of the investigated types of oxidants on colour removal is summarized in Figure 3 .
Effect of the dose of oxidant and the reaction time
In the case of H 2 O 2 oxidation the increase of oxidant showed little improvement, which can be mainly attributed to the poor colour removal capacity in general.
With chlorination the colour removal was affected significantly by the oxidant dosage. However, while a higher oxidant dosage naturally resulted in an improved colour removal the specific oxidant requirement increased, which made the process more inefficient (Figure 4) . In Figure 1 it can also be seen that at a concentration of 130 mg/L no further colour reduction was observed after a contact period of 50 minutes. With 250 mg/L the oxidation process was still continuing after 60 minutes, which might therefore lead to unacceptably high contact times for technical application. Figure 2 shows that within the first 10 minutes of ozonation a dose of 23 mg O 3 /L was consumed which resulted in a colour removal of 68%. Already after 20 minutes of contact time, corresponding to a total ozone consumption of 38 mg O 3 /L, a sufficient colour removal of 93% was achieved. Further application of ozone caused only a minimal extra effect. This oxidation behaviour of ozone demonstrates the selectivity for the oxidation of dyes.
Variation of COD and BOD 5
In the ozonation experiments the initial COD value was 630 mg/L, 10% was removed within 20 minutes. The applied ozone dose corresponds to a low ratio of 0.06 mg O 3 /mg COD. As reported by Krull et al. (1998) a much higher specific ozone consumption of 5.7 mg/mg is required for 90% of COD removal. Therefore the effect of ozonation was the breakdown of large organic molecules rather than the complete oxidation to CO 2 . As a consequence, the bioavailability of the COD is largely increased. Figure 5 shows that the ozonation results in a rise of the BOD 5 from 5 to about 55 mg/L after 20 minutes. For that reason the ozonated effluent cannot be directly applied for reuse purposes. One option is to use ozonation as pre-treatment for MBR, which would also increase the efficiency of COD removal. Another possibility is the implementation of biologically activated carbon filters as a final polishing step.
In the case of chlorination no increase in BOD 5 was observed due to the stabilizing effect of the residual chlorine. 
